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FIRE LOCATION ESTIMATION USING TEMPERATURE
SENSOR ARRAYS

1. ABSTRACT

This paperreconsiderdiow to estimatethe locationof a fire in a closedroom with an
array of temperaturesensors.The very importantquestionis: “Where is a fire located
?”. Theansweltis of interestfor researcton fire detectionandfor adeepemunderstanding
of the caseof fire for preventionandextinguishing. The answerto this questioncanbe
given with two small arraysof temperaturesensors.Here, “small” meansin the same
dimensiondik e a standardire detector The datasignal processingor the fire location
estimationcanbedoneby a digital signalprocesso(DSP).It seemgo bepossibleto give
aroughfire locationestimationwith suchanarrayin the sametime which is requiredby
astandardire detectorto give afire alarm.

2. INTRODUCTION

Oneof themainconcernsn fire researchs to detectafire in ashorttime with alow false
alarmrate. It is alsoof interestwhere afire is located. For exampletwo scenarioswill

be given. First an automaticfire extinguishingin a sensiblearealik e a warehouseor a
computerroom. The damagean suchan areacanbe minimizedwith knowledgeof the
fire locationanda moreexactautomaticextinguishingcanbe done. Hence the costcan
be reduced.The secondscenarias a fire extinguishingby a firemanin a smoky room.
Knowledgeof thefire locationbeforeenteringtheroomminimizestheextinguishingtime.
It canalsominimizethedangeffor hislife while enteringaroomwith suchdeadlysmole.



Now we take a look at a fire in anearly stage.The hot gasesarerising up from thefire
placenearthefloor to the ceiling shavn in figure 1 a). Underthe ceiling they propagate
in acircularshapessshavnin figure 1 b).
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Figurel: a)fire in aclosedroom (sideview) b) circularwave shapegtopview)

Dueto moreor lessstrongturbulencesandinterferencesausedy the roomswalls the
shapeswill not be perfectlycircular If we take now an averagein time we expectan
almostcircularshape.This obsenationis fundamentafor thefollowing idea. However,
thesecircular behaior seemdo be time limited. Whena fire grows up, the hot gases
becomemoreturbulent,andthepropagatiorbecomesnoreandmorenon-circularshapes.

Here, our basicapproach. For the following considerationsomeboundaryconditions
mustbefulfilled:

Theceiling shouldbeflat with alow heatconductvity.

The flow currentvelocity V of the hot gasesshouldbe nearly constantunderthe
ceilingin the early stateof fire.

Thefire is nearthefloor level

Thewalls areof the sametemperature.

Thefire is notlocateddirectly atawall.

Otherair currents,e.gcausedy a heatingsystem shouldbe neglected.



Theseassumptionareneededo validatethewaveformasof almostcircularshape With
theseassumptiornthe hotgasegrow up vertically from thefire andreachthe ceiling with
theshortesdistance Fromthis pointthe circularshapestartsundera nearlyflat ceiling.
In this casethe estimationcanbe reducedrom a threedimensionalprobleminto a two
dimensionaproblem.

In the following alwaysan array of four sensorss used. The sensorsarearrangedn a
quadratioway andlocatedat the points(Xy, yn), N = 1(1)4 with adistanced = 5cm. The
active part of the sensor(diameter0.13mmn) is mounted8mm underthe ceiling. These
parametersliffersfrom earlierpublicationson this topic [3], [4], [7]. Modernceramical
NTC resistorsaareusedin atemperaturgangefrom 0° C up to morethen150 C. Thus,
a high dynamicof thesesensorss required. The usedsensordave alow responsdime
around0.11sin air [8]. Also a low toleranceis required,which is guaranteedereby
carefulselection.

3. THEORETICAL FUNDAMENTALS

Thepropagatiorof thehotgasesundertheceiling canbe seenasatemperaturevavefront
T(x,y,t) with (x,,Y,) asthe location of the fire. With a flat ceiling a radiusr canbe
definedas
r=(x=%)+(y=-¥)*
Sincethe wavefront T(x,y,t) is assumedo be of a circular shapeit is only a function
of the radiusandtime. Hence,we usethe notationT (r,t) insteadof T(x,y,t) in the
following. For a sensormn a fixed point (xn, yn) the temperaturdunction T ()|, is only
afunction of time. Samplingis requiredfor the dataprocessing.The frequenciesn the
caseof fire arelimited up to ~ 10Hz[2], sothatwe assumedo usea samplefrequeny
of f, = 20Hz. Sothetemperaturssampledrom b sensorst thelocation (x,, yn) canbe
seeras
Ta(k) = Si(k) + Nn(k), n=1(1)b

where$,(K) is interpretedasa deterministicsignalcauseddy thefire andNy(k) asnoise
causedy theunavoidableturbulencesIf theranger is large betweerthefire placepro-
jectionunderthe ceiling (x,,Y,) andthelocationof thesensorarray (X, yn), thetemper
aturewave underthe ceiling canbe seermasa quasiplanarwavefrontfrom the perspectie
of thearraywith thedimensionsd x d andd < r.



Figure2: geometricabrrangementf the sensoiarray

In figure 2 thesensoiarraywith sensorss,,n = 1(1)4 is shavn in the distance from the
fire placeprojectionunderthe ceiling. The wavefrontis shovn asquasiplanarwith the
velocity V.

Figure 2 also shaws, that with knowledge of the geometricorder of the sensorsn the
arrayandthe assumptiorof a quasiplanarwavefrontwith thevelocity V first reacheghe
sensorSl, then S3, then S2 andlast S4. With this modela time delay canbe defined
betweerSlandS2asD,, andalsoD, ; asdelaybetweerS1andS3.

With knowledgeof this coherenceand our signal modelthe problemof estimationthe
directioncanbereducedisingthegeometryof thesensomrrayto atime delayestimation
problem

T,(K) = S(K) + Ny (K)
Ta(K) = anS(k—ky,) + Nn(k), n#1

with thedelaysk, . ThedeterministicsignalS(k) = S, (k) asapartof T, (k) is interpreted
asatime delayedsignalS(k — k;,,) alsoin Tn(k), n # 1.

We have investigatedseveral signal processingalgorithmsknown on time delay estima-
tion, e.g. the PATH-algorithm, the SCC-algorithm, the SCOT-algorithm, the WIENER

PROCESSOR, the ROTH PROCESSOR, the ML-algorithm andthe Adaptive Time Delay
Estimationmethod.For detailsse€[9]. In thefollowing only the SCC-algorithm(Simple



CrossCorrelation)is explainedto understandhe principlesof time delayestimation.The
crosscorrelationbetweerthefirst andthe n sensooutputis

Rin(k) =E{Ti(KTa(k+K)}, n=2(1)4
By the assumptiorof uncorrelatedhoiseN, (k) in the signalmodel,it canbewritten as

Rin(K) = E{SK)S(k— ki, +K)}, n=2(1)4.

The maximumof Ry, (k) occursfor k = k;,, sincethe agumenttakesfor arbitrarys(k)
apositive value. For estimationof k; . now only the crosscorrelationhasto be estimated
andits maximumhasto befound. NormalIytheestimatiorifiln(K, k) is givenby averaging
thetemperatursamplevectorsfrom T, (k) and Ty (k).

1 Ltm-a m
Ryn (K, K) = Z Ty( +k), n=2(1)4, k= YR
m=0M)K—L, K =—Kmax(1)Kmax-

In thefollowing the hatindicatesanestimation.Thein-stationarityof the signalsis taken
into accountby thetime dependenck = § of ﬁln(K, k). Themeasuredignalsarecom-
posedo nonoverlappingblockswith thelengthL. Theestimations only calculatedeach
Mth time. kmax Shouldbe nottoo large to minimize requiredcalculationpower.

After knowing the estimatedime delays,we just needtherelationsbetweernthesedelays
andthe parameters, a andv. We have assumedhatthefire is far avay from the array
sothatr > d andwe canseethemasquasiplanarwavefronts.Sothevelocity vectorcan
beseenas

\v f = dcox
a
|V\ 13 = dsina.

Sotheparametersr andvV canbewrittenas

k.
a = arctar(—=2)
12
dcosx
12

Actually thefourth sensolS, is unusedsoit canbeusedto estimateanothepair of delay
times. Thesedelaytimes canbe alsousedto calculatean estimatedangleandvelocity



to verify andalsoto improve the first calculation. For the location estimationa second
estimatedangleinformationis required. In our casewe placeanotherangleestimation
unitin the sameobsenationroom. With thesetwo estimatedanglesa; anda, alocation
of thefire canbe calculated.

4. FIRE EXPERIMENTS

All fire experimentswere carriedout in the fire detectionlaboratoryof the GERHARD-

MERCATOR-University Duiskburg. The fire room of the laboratoryhasa groundsize of

10.5mx 9mandthevariableceiling (it canbevariedfrom 2.87mupto 6.57m)wasfixed
at 3.40m. Somefirst experimentg3],[4] with spirit fire were carriedout to testout the
genericwork of the locationestimationalgorithm. After an optimizing procesgor some
boundaryconditionson the algorithmparametersevenkinds of testfire weredone.The
testfiresarelistedin table1 by name nhumberandburningmaterial.

TF1 | Openwoodfire (beechwod)

TF2 | Smoldering(pyrolysis)woodfire
(beechwood)
TF3 | Glowing smolderingfire (cotton)

TF4 | Flamingplasticfire (polyurethane)

TF5 | Flamingliquid fire (n-Heptane)

TF6 | flamingliquid fire (metylatedspirit)

TF7 | Flamingliquid fire (dekalene)

Tablel: Testfiresby nameandmaterial

To verify the differentalgorithmswith testfires a fixed anglebetweenthe sensorarrays
andthe fire locationwasused. For the fire experimentstwo sensorarraysare mounted
undertheceiling. Thephysicalparameterarea; = 45°, a, = 45°, r, = 3mandr, = 3m,
thefire wasalwayslocatedat (X, y,) = (0,0).



Figure3: Sensoiarray signalprocessoandPC

The measuremensystem,shavn in figure 3, usesa disc with a diameterof 23cm In
its centerthe temperaturearray containingfour sensorss placed. Thefigure alsoshows
theusedDigital SignalProcesso(DSP)board,liquid crystaldisplayanddataacquisition
computer For adetectorsolutionwith DSPwe minimizedtherequiredcalculationpower
andusedmemory Thesampleratewasshifteddownto f, = 20Hz. Theobsenationwin-
dow lengthL wasminimizedto 40 samples.All shavn angleestimationsare calculated
with the SCC-algorithm. Thereasorfor this selectionwasthefirst portationof this algo-
rithm into a DSPfor anautomaticangleestimator In [9] is shovn thatthe errorbetween
the SCC-algorithmandother morecalculationintensive algorithmsis smallenoughfor a
first solution.

To verify theresultsfrom the DSPsolutionanadditionalcomputefbasedsimulationwith
the algorithmundertesthasbeendone. The estimationalgorithmshasbeentestedwith
all of thelistedkindsof testfires. But exemplifiedby threeof thesefiresshouldbe shavn
thatthe estimationworks. Only thefirst 80 second®f atestfire areshowvn in thefollow-
ing figures,becauséhe goal of the estimationwasto give afirst fire locationestimation
atthetime of fire alarm.For examplethe detectiontime for a TF6 andan Europearstan-
dardtemperaturaletectorsof classAl is around60 seconds.The detectormustgive an
alarmaftertheroomtemperaturéncreasedy 29° Celsius.The alarmhereis givenby a
temperaturef 50° Celsiusdependingon a room temperaturef 21° Celsiusbeforethe
fire starts.
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Figure4: TF2temperaturelata

Figure4 shaws the temperatureurve from a sensowhich is typical for smolderingfire
type TF2. This signalandthe following signalsshown in figure 6 andfigure 8 shaved
no temperaturalc offset, so they canbe interpretedasshowvn after a high passfiltering.
Thesesignalsincludesthe lightning of thefire in their first tenseconds.
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Figure5: Estimatedangled for aTF2

Thefiguresb, 7 and9, shovstheestimatedanglevalued for thefirst 80 second®f afire.
Thereis ananglea valuefor every two secondslependingon a 40 samplecorrelation
window lengthL anda f, =20 Hz samplerate. The estimatedangled, shavn in figure5
variesAa = —12... + 8 degreesaroundtruereal valueafter 60 seconds.

Figure6 shaws thetemperatureurve from a sensomwhich is typically for a flamingfire
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Figure6: TF4temperaturelata

type TF4. Thetypical increasingemperaturezaluesover the time indicatethatthe time
is limited for estimatingthefire place.Thisis causedy increasingheturbulencesof the
hotgasesinderthe ceiling from theincreasindire.
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Figure7: Estimatedangled for aTF4

Theestimatedanglea, shavn in figure 7 variesAa = —10... + 3 degreesaroundthereal
valueafter40 seconds.
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Figure8: TF6 temperaturelata

Figure8 shonvsthetemperatureurve from asensomvhichis typically for aflamingliquid
fire type TF6.
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Figure9: Estimatedangled for aTF6

The estimatecangled, shovn in figure 9 variesAa = —8... + 4 degreesaroundthereal
valueafter20 secondaindAa = —5... + 3 degreesafter40 seconds.



Figure10: Thelocationestimateckerrorarea

Figure10 shavs the error areaof the locationestimationin the fire laboratoryunderour
testconditions. For examplethe TF6 is a flaming liquid fire in a quadraticbasinwith
43.5cmx 43.5cmandthe errorareafrom the estimationis in the samedimensions.

5. CONCLUSION

A methodto locateafire usingtwo temperaturarrayswasproposedA first DSPsolution
was shovn andit’s resultswere verifyed by fire experiments. It was showvn thatit is

possibleto give a first fire locationestimationin the sametime asneededor detecting
thefire with a classAl detector Unknown is the time for an usefullocationestimation
of smolderingdfires of type TF2 and TF3. For the futureit is planedto port someother
promisingtime delayestimationalgorithmsto the DSPsolutionfor a higheraccurag. It

is alsoplannedto testsomeothersensoitypese.g. pyroelectricsensordor their useful
work in sucha detectotrtype.
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